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Fz/Dsh pathway regulates the formation of polarized cytoskeletal structure.
We report here that a RhoA effector protein, the Drosophila Rho-associated kinase (Drok), functions to regulate the actin cytoskeleton downstream of Fz/Dsh. Drok controls a subset of the PCP response: regulating the number but not the orientation of wing hairs, and the rotation but not chirality of photoreceptor clusters. We show that the major signaling output from Drok is the phosphorylation of nonmuscle myosin II regulatory light chain (MRLC) and regulation of myosin II activity. Finally, we show that fly myosin VIIA, homolog of the human Usher Syndrome 1B and mouse shaker-1 genes, also displays strong genetic interactions with this newly defined Fz/Dsh cytoskeletal signaling pathway. These data provide the first link between Fz/Dsh signaling and direct modulators of the cytoskeleton, and suggest that such a pathway is evolutionarily conserved during the development of epithelial polarity.
Results

Drok as a Downstream Effector of Drosophila RhoA
We have reported a multidomain protein kinase, Gek, that binds specifically to the GTP-bound form of Drosophila Cdc42 and may serve as an effector for Cdc42 . We hypothesized that there might be additional Gek-like kinases that serve as effectors for other Rho-family GTPases. Using degenerate PCR, we identified the Drosophila homolog of a class of mammalian Rho-associated kinases/ROCKs (Ishizaki et suggest that Drok is an effector specific for Drosophila at the splice acceptor site between intron1 and exon2 is mutated RhoA.
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Generation of Drok Mutants
The Drok gene was mapped to chromosome region gates signaling to downstream targets, both nuclear and cytoskeletal, by cycling between its active GTP-bound 15A1 on the X chromosome ( Figure 1C ). To generate loss-of-function mutations in Drok, we made the asform and inactive GDP-bound form (Hall, 1998 A was found in the Drok 2 mutant at the 3Ј end of intron 1, changing the conserved AG at the splice acceptor site to AA. Quantitative RT-PCR revealed no change in of the ubiquitously active tubulin-1␣ promoter (tubPDrok). Screening EMS mutagenized flies led to the the transcript level in Drok 2 hemizygous larvae compared to control (not shown). However, sequence analyidentification of two X-linked lethal mutants that were rescued by Tp(1; 2)r ϩ 75c and tubP-Drok, and failed to sis of the Drok 2 mutant cDNA revealed that the transcript has a single base deletion of guanine at the beginning complement each other. These were named Drok 1 and Drok 2 .
of exon 2, due to the use of a splice acceptor site one nucleotide 3Ј of the original site ( Figure 1D ). The mutant To determine the molecular nature of the Drok mutations, we performed genomic sequencing of the mutant mRNA encodes only the first 21 amino acids (aa) of Drok, followed by a 35 aa random peptide and a stop DNA. The coding sequence of Drok is composed of 10 We also examined the effect of loss of Drok function indirectly) for Drok kinase in vivo, since mimicking its phosphorylation, even in an unregulated fashion, paron MRLC phosphorylation at the cellular level. In wildtype wing cells, phosho-MRLC is enriched at the cortex tially rescues Drok 2 organismal lethality. Moreover, the multiple hair defect resulting from Drok of the pupal wing cells, whereas in Drok 2 mutant cells this perimembrane staining is reduced or absent (Figloss of function is almost completely suppressed by the presence of the sqhE20E21 transgene in the rescued ures 4D and 4E). Thus, Drok is cell autonomously required for maintaining the level of cortical phosphoadults ( Figure 4H ; from 70% without sqhE20E21 to Ͻ1% in its presence). Taken together with the modulation of MRLC in the pupal wing.
Next, we tested whether MRLC/Sqh is an effector for MRLC phosphorylation by Drok ( Figures 4A-4C (Young et al., 1993) . We tested whether Zip also participates in regulating actin distribution/wing hair number in response to Fz/Dsh. Loss of one copy of the zip gene enhanced the dsh 1 phenotype by 4.5-fold ( Figure 5A) the multiple hair phenotype of dsh 1 , but not the hair mis-orientation phenotype (Figure 6) . Additional data We then tested both myosin heavy chain genes for their ability to interact with the hs-fz induced multiple supporting this conclusion came from observing the site of prehair initiation. As previously reported (Wong and hair phenotype, and again found that they have opposing effects. Surprisingly, loss of one copy of zip slightly Adler, 1993), prehairs emerge aberrantly from the center of dsh 1 mutant cells ( Figure 3E, inset) , rather than from but significantly enhanced the late hs-fz multiple hair phenotype, while loss of one copy of ck markedly supthe distal vertex as seen in wild type cells. Such mispositioning of prehair initiation correlates with the failure to pressed this phenotype (Table 1) , and suggests the possibility that there is a signal from Fz to Ck that is independent of Dsh, or prehair formation, it did not affect the site of F-actin initiation in dsh 1 (Figure 3F, inset) . Finally, the hair orienthat the multiple hair phenotypes resulting from hypoor hyperactivity of the Fz/Dsh pathway arise via distinct tation defect resulting from Fz overexpression (via hs-fz) at 24 hours is suppressed by reducing dsh gene dosage biochemical mechanisms. pathway has been implicated in functioning downstream of RhoA in regulating ommatidial polarity (Strutt et al.,  1997) . However, the function of the JNK pathway in the wing has not been described, and a signaling pathway that regulates transcription is unlikely to encode the requisite spatial information necessary for selection of the site of prehair initiation. Therefore, it is likely that a separate signal from or upstream of RhoA may control the selection of the F-actin assembly site, and therefore the orientation of the wing hair (Figure 7) . Several other genes have been implicated in regulating wing hair number based on their loss-of-function phenotypes, including inturned (in), fuzzy(fy), and multiple wing hair (mwh) (reviewed in Shulman et al., 1998). We believe that these gene products participate in a distinct branch of the polarity signaling pathway for the following reasons. First, because they each have significant effects on both hair orientation and hair number, they are unlikely to function downstream of Drok. Second, expression of the phosphomimetic Sqh-E20E21, or the nonactivatable Sqh-A20A21, in mwh or in mutant syndrome 1B (Gibson et al., 1995; Weil et al., 1995) .
